Chaperone proteins play a critical role in the biogenesis of many nascent polypeptides in vivo. In the periplasm of E. coli this role is partially fulfilled by SurA, which promotes the efficient assembly of unfolded outer membrane proteins (uOMPs) into the bacterial outer membrane, though the mechanism by which SurA interacts with uOMPs is not well understood. Here we identify multiple conformations of SurA in solution, one of which contains a cradle-like groove in which client uOMPs bind. Access to this binding groove by clients is gated by the intrinsic conformational dynamics of SurA. Crosslinking mass spectrometry experiments identify multiple regions of native client uOMPs that bind to SurA, providing insight into the molecular determinants of SurA-uOMP interactions. In contrast to other periplasmic chaperones that encapsulate uOMPs, small angle neutron scattering data demonstrate that SurA binding greatly expands client uOMPs. These data can explain the dual roles of SurA as both a holdase and a foldase. Using an integrative modeling approach that combines crosslinking, mass spectrometry, small angle neutron scattering, and simulation, we propose structural models of SurA in complex with an unfolded protein client. We further find that multiple SurA monomers are able to bind discrete sites on a single uOMP. The structural arrangement of SurA and uOMPs provides the basis for a possible mechanism by which SurA binds and expands clients in a manner that facilitates their folding into the outer membrane.
Introduction
Chaperone proteins are present in all cellular compartments across all domains of life and promote efficient folding of specific proteins, termed clients(1-4). In the absence of chaperone proteins, some clients are prone to populate misfolded states or form aggregates that can be toxic to the cell (5) (6) (7) . Chaperones interact with these unfolded clients to suppress these off-pathway reactions and to ensure the formation of the functionally active conformation of their clients (8) .
SurA is the most important chaperone in the E. coli outer membrane protein (OMP) biogenesis network, as it handles the majority of the flux of unfolded outer membrane proteins (uOMPs) through the periplasm (9) (10) (11) (12) (13) (14) (15) (16) . Eight OMPs have been identified as clients for SurA, as their expression is notably decreased in a strain of E. coli lacking SurA (15) . SurA has been shown to act as both a holdase, preventing uOMP aggregation, and a foldase that catalyzes the folding of uOMPs into the outer membrane through an interaction with the β-barrel assembly machine (BAM) (14, (17) (18) (19) (20) (21) . The driving forces for these dual functions must be accomplished entirely derived from SurA binding with clients, as there is no ATP in the periplasm.
The mechanism by which SurA binds client uOMPs is currently unknown. The binding constants for SurA binding to multiple OMPs as well as various peptides that mimic uOMP sequences are in the low micromolar range; however, the stoichiometry and structural arrangement of these interactions with native clients remains unclear (20, (22) (23) (24) (25) (26) (27) (28) . Unlike other chaperones in the OMP biogenesis network that oligomerize to form cages around uOMPs, SurA has a modular structure with three distinct structural domains connected by flexible linkers: a "core" chaperone domain comprised of the N-and C-terminal helices and two peptidyl prolyl isomerase (PPIase) domains (P1 and P2) (29) (30) (31) . Figure 1A shows the crystal structure of full length, monomeric SurA (PDB: 1M5Y) in which P1 is associated with the core domain, while P2 is structurally isolated. (32) The orientation of the P1 and P2 domains of SurA relative to the core domain has been hypothesized to be dynamic, though the details of the different conformations have not been previously described (20, 33) . The core domain of SurA has been shown to be responsible for the majority of the binding energy to small uOMPs, with the P1 and P2 domains hypothesized to aid in binding larger clients (20, 34, 35) . The great diversity of SurA client OMPs, which can have 8-26 transmembrane (TM) beta-strands, suggests that SurA must recognize a common binding motif that is present in all clients (26, (36) (37) (38) .
In this study, we use an integrative hybrid approach to elucidate the structural features of the complexes formed between SurA and two cognate uOMP clients, uOmpA and uOmpX (39) (40) (41) . Combining experiment and simulation, we find that monomeric SurA adopts at least 4 distinct conformations in solution. Photo-crosslinking and mass spectrometry indicate that a cradle-like groove formed between the P1 and core domains is a common binding site of the transmembrane domain of uOmpA (uOmpA171) and uOmpX. This cradle is only accessible when P1 is released from the core domain, forming an "open" state of SurA. Mass spectrometry further revealed specific regions on uOmpA171 and uOmpX that bind within the SurA groove. Finally, small-angle neutron scattering (SANS) experiments reveal uOmpA171 is greatly expanded in solution when bound to SurA compared to when it is it bound to other chaperones. Using this orthogonal structural information, a sparse ensemble of models of the SurA-uOmpA171 complex was created that are consistent with all known experimental data.
The sparse ensemble contains uOmpA171 structures that can be occupied by one or more SurA and populate a wide distribution of conformational states that all present the β-signal on the exterior surface, which is known to be recognized by the BAM complex (42) (43) (44) (45) . Overall, our findings reveal how SurA binds and solubilizes uOMP clients in the periplasm and provide insight into a potential β-signal mediated hand-off mechanism of a uOMP from SurA to the BAM complex or the adjacent membrane (46) .
Results

Apo SurA adopts multiple conformations in solution
The crystal structure shown in Figure 1A does not capture the conformational heterogeneity of the arrangements of the P1 and P2 domains that are inferred from genetic studies, which suggest that they adopt multiple states relative to the core domain (33) . To determine the population distribution of SurA conformers, we measured the energetics of the interactions between the P1 or P2 with the core domain using chemical denaturation titrations.
Due to the highly α-helical nature and size of the core domain relative to the smaller PPIase domains, we reasoned that the circular dichroism (CD) signal at 222nm reports primarily on the structure of the core domain. We measured the stabilities of SurA constructs lacking P1 (SurA∆P1), P2 (SurA∆P2), or both P1 and P2 (SurA∆P1P2), as well as full length SurA ( Figure S1 , Table   S1 ). Using thermodynamic analysis, we found that the P1 and P2 domains compete for binding to the core domain ( Figure S2 , Table S1 ). The interaction of P1 domain with the core is threefold more favorable than the P2-core interaction. P1 and P2 undergo independent competition with each other for binding to the core domain.
Thus, in addition to the crystallized, "P1 closed" structure of monomeric SurA, two additional conformations of SurA must exist: an "open" SurA where both P1 and P2 are unbound from the core domain, and a "P2 closed" SurA where P2 is bound to the core domain with P1 unbound. Molecular dynamics simulations suggested an additional state of monomeric SurA, termed "collapsed", where P1 and P2 are bound to the core domain ( Figure S3 ). Figure S4 and Table S2 summarize the four possible conformations of monomeric SurA in solution with "P1 closed" being the dominant conformation, followed by "P2 closed," then "open."
The open conformation of SurA exposes a cradle-like groove that binds client uOMPs
To identify the regions of SurA involved in binding uOMPs, we utilized chemical crosslinking by incorporating a photoactivatable unnatural amino acid (para-azido-Phenylalanine, pAF) at 36 individual surface-exposed positions on SurA. We mixed each of these SurApAF variants either with uOmpA171 or with uOmpX and measured the efficiency of crosslinking by quantitative SDS-PAGE ( Figure S5 , Table S3 ). Every SurApAF variant crosslinks to both uOmpA171 and uOmpX, though the crosslinking efficiency varies dramatically with position. The crosslinked complexes are primarily composed of one uOMP and one SurA (a one-to-one complex), though in some cases, the formation of a complex corresponding to two SurAs and one uOMP is observed (two-to-one). These results indicate multiple segments of uOMP can be simultaneously occupied by SurA, in agreement with binding studies that found a cooperative Hill coefficient (20) . In contrast, the non-client OmpLA only crosslinked to half of the SurApAF variants and the variant with the highest crosslinking efficiency was less than half of the maximum raw crosslinking efficiencies for the cognate client uOMPs (34% vs 72%; Figure S6 , Table S3 ). Figure 1B shows the strong linear correlation of the normalized crosslinking efficiencies of the 36 SurApAF variants to uOmpA171 and uOmpX. The data reveal a conserved SurA region that crosslinks efficiently to both client uOMPs, demarcated by dotted lines in top right corner.
These SurA residues are located on the core (gray) and P1 (blue) domains, indicating that P2 is not as important for binding these client uOMPs. The lack of high crosslinking to P2 agrees with published binding studies of SurA and SurA∆P2 to uOmpA171 that have shown that P2 does not thermodynamically contribute to uOmpA171 binding (20) .
Mapping the eight high-efficiency crosslinking sites (pink residues in Figure 1C Figure 1G ). The bottom of the cradle is 25Å long, while the core and P1 walls are approximately 50Å long, which is long enough to sequester the entire length of a hydrophobic TM segment of an OMP from water. Figure 1G shows hydrophobic patches on the core and P1 walls of the cradle surrounded by polar regions.
The C-terminal helix of the core domain has a 30Å hydrophobic stretch containing multiple aromatic residues which may also serve as a binding site for TM segments of uOMPs ( Figure S7 ).
Thus the occluded, cradle-like groove exposed in "open" SurA contains structural features that could interact favorably with client uOMPs.
SurA interacts with flexible, aromatic rich regions of uOmpA171 and uOmpX
Crosslinking mass spectrometry (XL-MS) was used to locate where SurA crosslinks to the client uOMPs, uOmpA171 and uOmpX. Seven high efficiency SurApAF variants (four on the core domain and three on P1) were crosslinked to uOmpA171 and four (two on the core and two on P1) were crosslinked to uOmpX. Photo-crosslinked samples were subject to proteolysis and the resulting crosslinked peptides were analyzed by LC-MS. Crosslinked peptides were identified (to a false discovery rate < 0.01) and mapped using the MeroX v2.0 software package ( Figure S8 and S9) (47) . Representative mass spectra of identified crosslinked peptides with their fragment ion peak assignments are provided in Figure S10A -I, and summary data of all peptide spectrum matches are provided as Supplementary Data 1 and 2 (see also SI Methods).
We considered a uOMP segment to specifically bind to SurA if it spanned residues that crosslinked to three or more SurA variants. Using this criterion, we identified six segments of uOmpA171 that selectively bind to SurA. These segments are residues: 1-21, 51-73, 84-91, 95-104, 112-113, and 130-131 (Figures 2A, S11 ). For uOmpX we identified two segments: residues 41-47 and 68-72 ( Figures 2B, S12 ). Importantly, when we challenged uOmpA171 with a SurApAF whose label was outside the "open" SurA groove (SurA26,pAF), only a single spectrum matched to a crosslinked peptide, implying that the rich network of crosslinks between uOmpA171 and SurA is dependent on pAF being placed in the cradle-like groove (Figure 2A ). The presence of multiple SurA binding segments on uOMPs is consistent with the higher-order stoichiometries observed in our gel-based crosslinking experiments.
The segments on uOMPs that bind the "open" SurA groove vary in length and location and crosslink to residues on both the core and P1 domains, indicating clients can interact with both sides of the cradle. The sequences of identified cognate uOMP segments are unusually enriched in tyrosine residues (10 of the 13 tyrosines appear in segments; P=0.003 by Chi-square test). Glycines are also very common in binding segments, though here the enrichment is not significant because uOMPs have many glycines in general (48, 49) . In the case of OmpA171, many of these tyrosines and glycines in binding segments are highly conserved according to the Pfam family for the OmpA transmembrane domain (ID: PF01389) (50) . Thus, the data support a model in which the "open" SurA groove preferentially binds highly flexible uOMP regions containing at least one tyrosine residue.
uOmpA exists in an expanded conformation when bound to SurA
SurA has no obvious cavity that is large enough to encapsulate an entire uOMP, unlike the binding modes used by other chaperones (Skp and DegP) in the OMP biogenesis network (30, 51) . While the "open" SurA groove could protect small segments of the uOMP, it is not obvious how the remainder of a uOMP would be protected from aggregation. To address these questions, small angle neutron scattering (SANS) was used to measure the size of the crosslinked complex formed between the SurA105,pAF variant and uOmpA171. This complex was chosen because it forms a single well defined, one-to-one crosslinking band as visualized by SDS-PAGE ( Figure S5 ). SANS reports directly on the radius of gyration (RG) and the distance of maximum dimension (DMax). Additionally, the scattering contrast of each component in a complex can be selectively visualized by altering its deuteration state (52) .
We collected SANS profiles of (SurA105,pAF-uOmpA171)XL in multiple buffer conditions and different deuteration states to take advantage of this selective contrast feature ( Figure 3A and 
Solution structures of SurA-uOmpA complexes reveal multiplicity
We created a total of 40 models of varying conformations and binding stoichiometries by docking the XL-MS based uOmpA171 binding segments into the cradle-like groove of SurA as described in detail in the Supplemental Methods. Models were built with both unexpanded uOmpA171, and expanded uOmpA171 conformations consistent with the 30% D2O SANS data ( Figure S15 ). Motivated by SDS-PAGE analyses of crosslinked complexes and the multiplicity of binding sites on uOmpA171, we included several structural models comprised of multiple SurA protomers bound to a single uOmpA171 (two, three, or four). We next tested these 40 structural models by calculating the theoretical SANS spectrum one would expect if various combinations of the structural models were present at different fractional populations. One of the SANS datasets (collected in 0% D2O) was consistent with only 6 combinations that span across 6 structural models; the other SANS dataset (collected in 98% D2O) was consistent with 81 combinations that span across 36 structural models. Overlays of these structural models are depicted in Figure 4 .
The structural models and combinations thereof we have tested are not exhaustive;
importantly however, we found that the SANS data could not be satisfactorily fit (with a reduced chi-square cut-off of 1) unless structural models with elongated uOmpA171 with two (or more) bound SurA were included. Four of the six structural models consistent with the 0% D2O SANS dataset contain an identical uOmpA171 conformation with one and two SurA protomers bound, highlighting the existence of multiple binding sites. Figure 5 shows structural models of the one-to-one complexes with SurA bound to segments 51-73 and 130-131 on uOmpA171, and a two-to-one complex with SurA occupying both of those sites.
Discussion
Based on the results described, we propose the existence of multiple SurA conformations including three novel SurA domain arrangements not previously observed in crystal structures of monomeric SurA (32) . These new conformations suggest a dynamic arrangement of the P1 and P2 domains relative to the core domain. The evolution of structural plasticity in SurA points to functional roles for these conformers to aid in client recognition while at the same time protecting the occluded OMP-binding cradle from occupancy by noncognate clients. This autoinhibition of SurA chaperone function prevents depletion of the availability of this important biogenesis factor that serves as both a foldase and a holdase in outer membrane protein maturation (12, 20) . The competitive binding of P1 and P2 for the The recognition and sequestration of TM β-sheet segments would reduce non-native β-sheet formation, which has been observed to happen in kinetic studies of the intrinsic folding pathway of uOmpA171 (53) .
Our chemical crosslinking studies show that the "open" conformation of SurA, which is the least intrinsically stable conformation, is the active chaperone state. Residues on the surface of SurA that crosslink the most efficiently to uOMPs co-localize around and inside of a large groove in this "open" conformation that is occluded in all other conformations. We speculate that this binding site is specific for client-OMP segments because highly efficient crosslinking is only observed for cognate uOMP clients. Mass spectrometry identified multiple binding segments on each client uOMP that have very low sequence similarity but are each highly enriched in tyrosines (Figures S11, S12). It is notable that the C-terminal helix of SurA (which forms the floor of the groove) contains a hydrophobic patch with multiple aromatic residues that may specifically interact with the tyrosines in uOMPs through a pi-stacking mediated mechanism ( Figure S7 ).
Binding segments of uOmpA171 were also found on loops and turns of the folded structure of OmpA171 ( Figure S16) . A particularly intriguing possibility that is created by the cradle confinement is that SurA reduces the chain entropy in the bound region of a uOMP. This would stabilize flexible loops and turns in uOMPs that could allow for native beta-hairpin formation when bound to SurA. The BAM complex has been proposed to template individual beta-hairpins that are inserted sequentially into the outer membrane, but it is possible that SurA induces uOMPs to form beta hairpins prior to interactions with BAM or the adjacent, Additionally, we can identify differences in how SurA recognizes the clients uOmpA171 and uOmpX with respect to the N-terminus of these clients. uOMPs are post translationally secreted N-terminus first by the Sec translocon into the periplasm, and it is likely that the Nterminus must be immediately recognized by chaperones to avoid aggregation and/or interaction with the inner membrane. Recently, low resolution cryo-EM structures have identified a potential interaction between SurA and the translocon in the presence and absence of OmpA (58) . We observe a high density of crosslinked peptides in the first twenty residues of uOmpA171, showing the SurA intrinsically recognizes the uOmpA171 N-terminus. In contrast, the N-terminus of uOmpX does not appear to crosslink to SurA using the variants tested. This differential recognition of client uOMP N-termini by SurA hints at the possibility of multiple uOMP biogenesis pathways that can diverge as soon as the uOMP is introduced into the periplasm.
The C-terminus of uOMPs is also very important, as it contains the β-signal, which is essential for in vivo and in vitro folding of OMPs (36, 42, 43, 59) . The absence of robust crosslinking to the β-signal in both client uOMPs and the distal location of the β-signal in our structural models of SurA-bound uOmpA171 is telling (Figures 2 and 4) . The BAM complex is known to recognize the β-signal, hence it would be conducive for membrane insertion if SurA leaves this segment unobstructed and therefore presentable to the BAM complex (42, 59) .
Additionally, the expansion of uOMPs when bound to SurA could allow for uOMPs to reduce their "search space" when trying to find the BAM complex or facilitate passage through pores in the peptidoglycan network (60) .
Other chaperones in the OMP biogenesis pathway (e.g., Skp and DegP) are holdases that form cages around uOMPs, which effectively inhibits uOMPs from accessing the BAM complex (29, 34) . uOmpA171 has an intrinsic s-value of 1.65 Svedbergs (RG = 24Å), which is equivalent to the estimated RG of 8-stranded uOMPs when bound to Skp. Our SANS experiments reveal uOmpA171 has a RG of 45Å and a DMax of 150Å when bound to SurA, which is just shy of the width of the periplasm (51) (52) (53) . We therefore propose that SurA binds and expands uOMPs in a way that increases the likelihood that the β-signal finds the BAM complex, or the adjacent disrupted membrane region, to initiate folding into the outer membrane.
However, the expansion of uOMPs also increases the chance for non-native intra-or inter-protein contacts to be formed which can lead to toxic misfolded proteins in the periplasm.
Additionally, uOMPs must be shielded from interacting with the inner membrane, which can mediate aggregation (53) . The presence of multiple segments on uOMPs that interact with SurA enables several SurA protomers to interact with a single uOMP, which could prevent these undesired outcomes. We identify two and six SurA binding segments on the smallest possible SurA client uOMPs (8 TM beta-strands), and hypothesize that the number of binding segments will increase with size. Thus we expect multiple SurA monomers will be necessary to effectively chaperone uOMP clients, in agreement with binding studies of uOMPs to SurA, where the Hill coefficient has been shown to be greater than 1 (20) . Sequential binding of uOMPs to multiple SurA monomers could facilitate diffusion across the periplasm down the uOMP concentration gradient in a similar fashion to a proposed mechanism for transport through the nuclear pore complex (61) . The presence of heterocomplexes of SurA and other chaperones (Skp, FkpA, and DegP) bound to a single uOMP could also facilitate uOMP diffusion, and could be necessary to solubilize larger, aggregation-prone clients (29) .
In summary, our results provide structural insight into the conformational plasticity of proteins involved in uOMP biogenesis, as both SurA, and uOMPs bound to SurA are shown to be highly dynamic. We provide further evidence that SurA may be involved in the specific recognition of some uOMPs as they enter the periplasm, and solubilizes uOMPs in a manner that may induce productive interactions with the BAM complex ( Figure 6 ). The mechanism that SurA utilizes is distinct from that of other chaperones described to date to the best of our knowledge, and likely reflects the unique challenges associated with maintaining a membrane protein in an aqueous compartment without ATP. Because SurA's mechanism requires it to access conformations with low fractional population that greatly differ from its lowest-energy conformation, much of the mechanism we propose would have been invisible to traditional structural biology techniques. This study therefore highlights the use of emerging methods in structural biology to map highly heterogeneous structural ensembles such as that of an unfolded protein to a chaperone. Figure S1 ).
Materials and Methods
Circular
Molecular Dynamics of apo-SurA-All-atom molecular dynamics (MD) simulations were used to
probe the conformational heterogeneity of apo-SurA. Because the crystallized conformation lacks several loops, we utilized the SWISS-MODEL homology-modeling server to build in these missing residues, along with a C-terminal 6x Histidine tag (62) (63) (64) . Using CHARMM-GUI, we constructed an MD simulation system containing SurA solvated with 69,671 explicit water molecules and 200 mM NaCl in a 132 x 132 x 132 Å 3 box (65, 66) . The CHARMM36 force field was utilized for these simulations which were run at 25 °C. These simulations were completed with a time step of 2 femtoseconds/step and 500,000 steps per run; consecutive 10 nanosecond runs were combined for the data shown in Figure S3 . For each panel in this figure, data points are shown in 10 ps increments.
We monitored the backbone alpha-carbon root-mean-square deviation (Cα-RMSD) of each SurA conformer relative to the starting structure using the VMD (v. 1.9.3) RMSD Trajectory Tool(67) ( Figure S3A ). We quantified this parameter for both the entire protein and the individual structural units of SurA defined as follows: the N/PPIase-1/C domain as residues 1 to 255 and 371 to 417 and the PPIase-2 domain as residues 262 to 367 ( Figure S3B ). The protein RG was also calculated as a function of simulation time using a previously published TCL script in VMD(68) ( Figure S3C ). After 85 ns of simulation, we observe a closing of SurA to form the collapsed conformation illustrated as a cartoon in Figure S4 .
Biochemical Crosslinking
We use the library of SurA-pAF variants to understand which structural regions of the SurA chaperone are involved with binding to uOMP clients. 25 Figure 6) . peptides were subjected to a stepped HCD with 22%, 25%, and 28% normalized collision energies.
Mass Spectrometry and Data Analysis-A
Fragments with charges of 1, 2, and >8 were excluded from analysis, and a dynamic exclusion window of 60.0 s was used for the data-dependent scans.
MS data were centroided and converted to the mzML file format using the msConvert application in the ProteoWizard Toolkit.(69) MS data were then analyzed for crosslinks using MeroX Version 2.0 (Götze, 2015) .(47) p-azido-phenylalanine was added to the amino acid list with a mass of 188.06981084 Da. For tryptic digests, protease sites were allowed after arginine and lysine residues, with lysine blocked by proline as a cleavage site. For double digests, protease sites were allowed at arginine, aspartic acid, lysine, and glutamic acid, with lysine blocked by proline as a cleavage site. For both tryptic digests and double digests, a maximum of three missed cleavages were allowed. For modifications, a maximum of two oxidations of methionine were allowed. p-azido-phenylalanine was input as a promiscuous crosslinking agent with a composition of -N2, and a maximum Cα-Cα-distance of 30 Å. Default settings were used for the mass comparison, score, and false discovery rate (FDR). A MeroX score of 50 was selected as the acceptance cutoff for cross-linked peptide-spectrum matches (PSMs); all accepted PSMs had an FDR of <0.01 ( Figures S8 and S9) . In numerous situations, a crosslink site to p-azido-phenylalanine could not be pinpointed down to a specific residue with a given peptide-spectrum match because of insufficient fragment ion data. In this situation, limiting boundaries inferred from several peptide-spectrum matches were manually combined to determine a 'minimal' region of crosslink sites that were consistent with all the data. This manual data reduction process is explicitly shown in Supplementary Data 1 and 2, and results in the binding segments illustrated in Figure 2 . utilized to collect scattering profiles from all samples described here on a 2D position-sensitive detector (64 cm x 64 cm) with 128 x 128 pixels at resolution of 0.5 cm pixel -1 . For data processing, raw counts were normalized to a common monitor count and then corrected for empty cell counts, ambient room background counts, and non-uniform detector response. Data were placed on an absolute scale by normalizing the scattering intensity to the incident beam flux. Radial averaging was utilized to produce scattering intensity profiles, I(q) versus q; q = 4psin(q)/l, where 2q is the scattering angle, l is the neutron wavelength, and q is the magnitude of the scattering vector. Sample-to-detector distances of 5.0 m and 1.5 m were used to cover a range of 0.01 Å -1 < q < 0.4 Å -1 .
SANS Data Collection-
SANS on Fully Protonated SurA-uOmpA171
Complex-SANS data were collected on a fully protonated SurA-uOmpA171 complex to quantify the complex RG. We scaled up the crosslinking reaction for uOmpA171 and SurA105,pAF, purified this complex by gel-filtration, and buffer exchanged this complex into GF buffer containing 98 % D2O using the protocol described above for apo-SurA. This dataset is shown in Figure S13 in gold.
SANS on Protonated-SurA/Deuterated-uOmpA171 Complex-
The SurA 105,pAF was crosslinked to deuterated-uOmpA171 as described above for the fully protonated complex. This complex was purified as described above and buffer exchanged into either 0 % or 30 % D2O GF buffer for SANS experiments (purple and green in Figures S13 and 3) . We made three attempts to also collect include those residues that were found to efficiently cross-link to SurA105,PAF using the photoactivatable unnatural amino acid (para-azido-Phenylalanine, pAF) as described above.
Active and passive residues for HADDOCK were chosen from the surface of open SurA containing the most efficient cross-linking sites (Fig. S11) .
In all cases the extended peptide was found to be docked to the open SurA surface in at least two major orientations by HADDOCK. Examples of these docked oligopeptides were inspected using molecular graphics to obtain target distances for docking the full length uOmpA models with s = 1.65 (described above) to the open form of SurA using targeted molecular dynamics. These simulations used the collective variables module of NAMD as described above, but with the target distances from HADDOCK peptide docking as distance restraints.
The uOmpA-open SurA models were further manipulated by targeted molecular dynamics to increase the uOmpA Dmax to the target of 150 Å that was determined by P(r) analysis of the SANS data. A second open SurA model was then docked to exposed, known binding segments (Fig. S11 ) of the extended uOmpA. In three cases, a third open SurA was docked to remaining exposed known binding segments.
One extended polypeptide of uOmpA was generated with a DMax ~250 Å and four open SurA models were docked to the four main segments on OmpA that displayed high efficiency cross-linking.
In all, twenty-three models containing one docked SurA, thirteen models containing two docked SurA, three models containing three SurA, and one model containing four SurA were built. Physical dimensions of these models are listed in Table S7 . Values for RG and DMax were calculated using HullRad (75) . All models contained CHARMM hydrogens and were used to calculate predicted SANS profiles using the SasCalc server. Figure 1A ). uOmpA171 is shown in green, with identified SurA binding segments highlighted in space-filling representation (colored according to Figure 2A ). Additional SurA monomers found to bind uOmpA171 in this sparse ensemble (two-to-one and three-to-one complexes) are shown as semi-transparent cartoons. The β-signal for each uOmpA171 conformation are colored red and shown in a space-filling representation and are extended away from SurA. (B) 36 structural models included in the sparse ensemble that describe the 98% D2O SANS data-set are shown (representations and coloring are identical to Panel 4A). Figure 2A. (B) Two one-to-one complexes were identified with SurA bound to different segments of uOmpA171; residues: 51-73 (cyan) and 130-131 (brown). (C) The two-to-one complex with SurA bound to both binding segments on uOmpA171 shown in Panel B, which is also represented in the 0% D2O sparse ensemble. The presence of both one-to-one complexes and the two-to-one complex in our sparse ensemble highlights the ability of our modeling methods to capture possible states that together describe the dynamics that are used by SurA to solubilize uOmpA171. Multiple SurA bound to a single uOMP allow for expansion of uOMPs while minimizing the chance for aggregation. Figure 6 . Proposed mechanism for SurA-dependent uOmp biogenesis. uOmps are posttranslationally secreted through the Sec translocon, N-to-C terminally. The emerging uOMP Nterminus in the periplasm may be recognized by SurA. After complete translocation into the periplasm, one or more SurA protomers bind specific segments on uOMP clients, solubilizing the uOMP in highly expanded conformations roughly the size of the periplasm (shown on the left). Possible alignment of the translocon and BAM, which catalyzes folding into the outer membrane, could allow the cell to couple the expansion of uOMPs by SurA with chemical energy (ATP hydrolysis) in the cytoplasm to drive OMP biogenesis. The wide variety of conformations available to the SurA-bound uOMP (shown on the right) allow it to more easily encounter an unaligned BAM complex.. Our models suggest that SurA extends the C-terminal β-signal sequence on uOMPs (shown in red on the elongated, green uOmpA171 model), which preferentially interacts with BAM in a mechanism reminiscent of fly fishing.
